Experimental Control of Transport and Current Reversals in a Deterministic Optical 

Rocking Ratchet 
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We present an experimental demonstration of a deterministic optical rocking ratchet. A periodic 
and asymmetric light pattern is created to interact with dielectric microparticles in water, giving 
rise to a ratchet potential. The sample is moved with respect to the pattern with an unbiased time- 
periodic rocking function, which tilts the potential in alternating opposite directions. We obtain a 
current of particles whose direction can be controlled in real time and show that particles of different 
sizes may experience opposite currents. Moreover, we observed current reversals as a function of 
the magnitude and period of the rocking force. 

PACS numbers: 87.80.Cc, 05.60.Cd, 05.45.-a, 82.70.Dd 



The study of transport induced by symmetry break- 
ing under unbiased forces has nourished as one of the 
most active and diverse fields in recent times. It includes 
the study of the so called Brownian motors and ratchets, 
initially motivated by the transport of molecular motors 
in the biological realm, but soon extended to many other 
domains in classical and quantum physics: single-particle 
transport, cold atoms in optical lattices, superconduct- 
ing devices, granular flows, colloidal sorting, to name but 
a few Among the many kinds of ratchets, an import 
class refers to classical deterministic ratchets in which the 
dynamics does not have any randomness or stochastic el- 
ements • The paradigmatic model is a classical particle 
in a periodic asymmetric (ratchet) potential, acted upon 
by an additional external time-dependent force of zero 
average. If this external force is additive, we are consid- 
ering a rocking ratchet. 

There have been some experiments using optical lat- 
tices to trap colloidal brownian particles, in order to ob- 
tain a systematic transport in the presence of unbiased 
forces (ratchet effect) [3|-|5(. In these cases, the ampli- 
tude of the periodic potential is modulated in time, cor- 
responding to the so-called flashing or pulsating ratchet. 
On the other hand, the ratchet effect has been obtained 
for symmetric optical lattices with an asymmetric time- 
dependent rocking force, and also for asymmetric optical 
potential with a pulsating activation, but in the quantum 
domain and in the inertial regime [a, 0|- However, there 
are interesting predicted phenomena for rocking ratchets 
in the classical deterministic and overdamped regime 
Hoj . which have not been observed so far. In this Letter 
we will describe an experimental model of such a ratchet 
and show that we are able to obtain non-trivial particle 
transport, whose direction can be controlled in real time 
as a function of different experimental parameters. Fur- 
thermore, we present the first experimental verification 
of the current reversals in this regime, predicted since 
1998 0. 

In order to generate a periodic asymmetric optical lat- 
tice, we designed the experimental setup shown schemat- 
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FIG. 1. (Color online) (a) Experimental setup: (HWP) half- 
wave plate, (BS) beam splitter, (PBS) polarizing beam split- 
ter, (M) mirrors, (GP) glass plate, (L) lenses, (CL) cylindri- 
cal lens, (DM) dichroic mirrors, (x5 and x20) microscope 
objectives, (a;) translation stage, (CCD) cameras. The ve- 
locity function driving the translation stage is illustrated on 
the bottom right, (b) Schematic of the interference by pairs 
indicating the polarization states of beams 1, 2 and 3. 

ically in FigJT] Three beams are interfered by pairs by ap- 
propriately setting their respective polarization states in 
a three-armed Mach-Zehnder interferometer. Two of the 
beams have orthogonal linear polarization states, while 
the third one is linearly polarized at an angle tp with 
respect to the horizontal (Fig. [T]d), which is set with a 
half- wave plate (HWP). We generate two superimposed 
patterns of fringes, one of them with twice the period 
of the other, determined by the angles /3 and 2/3, which 
can be varied by adjusting the mirrors Ml and M3. The 
relative intensities of the two patterns can be controlled 
by the polarization angle tp and a relative phase between 
them can be introduced by tilting a thin glass plate (GP) 
in one arm of the interferometer. The tilting of GP is 
done via a motorized actuator. The three beams are di- 
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rected into a sample cell placed on an XYZ translation 
stage. 

Our samples consist of borosilicate glass microspheres 
immerse in water with radii in the range of 3.5 /im to 
7.75 ixm, density of p — 2.5g/cm 3 and refractive index 
n = 1.56. For these range of sizes, at room temperature, 
the thermal fluctuations are negligible We use a 

laser (A = 532 nm) with a fundamental TEMoo emission 
mode. A cylindrical lens (CL) is used to narrow the 
resulting pattern in the y direction. The light intensity 
distribution at the sample plane is described by 
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where P denotes the incident optical power at the sam- 
ple plane. The periods of the two patterns of fringes 
are A and A/2, and the width of the Gaussian en- 
velope along the x and y directions are, respectively, 
w x = (745 ± 5) fim and w y — (19 ± 2) fim. We are in a 
regime where w x > A, tij > w y and w x 3> 2Rq, with Rq 
the radius of the microspheres. In addition, the dynam- 
ics of the particles is observed within the central region 
of the pattern (about 250 fim long). Therefore, we can 
disregard the effect of the Gaussian envelope along the x 
direction and consider that we have a ID optical lattice 
of period A. The coefficients sin 2 <p and cos 2 ip are asso- 
ciated with the polarization angle of beam 1 (Fig. [TJd) , 
which was set as tp = 7r/4 in the set of experiments re- 
ported here. The parameter 6 represents a phase dif- 
ference between the two superimposed patterns, and it 
was chosen so that when S = tt/2 they are in phase. 
The motion of the particles is recorded with a standard 
video microscopy system (CCD2). An additional camera 
(CCD1) is used to monitor the light pattern (Fig. QJ,). 
The dynamics of a particle in our system is described 

by 



7 i = -dV(x)/dx + F R (t), 



(2) 



where we have used the fact that the motion is determin- 
istic and overdamped, with 7 representing an effective 
drag coefficient 11]. Thus, the time- inversion symmetry 
is broken. The optical potential is denoted by V{x), and 
Fn(t) is the rocking force, which acts only along the x 
direction. The motion of the particle can be considered 
as ID along x, since it is confined by a strong optical 
gradient force along the y direction with a single sta- 
ble equilibrium position, and the weight of the particles 
is large enough to overcome the scattering optical force 
along the z direction. 

The rocking mechanism is introduced by means of a 
periodic motion of the translation stage driven with a 
precision motorized actuator along the direction of the 



periodicity x. The time-periodic force is given by Fn(t) 
jv(t), where 
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Here vq is a constant speed (see bottom right in Fig. [TJ. 
The waiting time To plays a fundamental role in the dy- 
namics, as we shall see below. Importantly, the time- 
average of Fn(t) over an entire period, T = 2(t +t%), is 
zero in order to have an unbiased forcing, and thus, the 
nontrivial ratchet transport. 

Recapping, our experimental setup allows the control 
of the following parameters: the relative intensity of the 
two periodic patterns (given by (p), the relative phase 
between them (5) , the period of the light intensity distri- 
bution (A), and the magnitude (via vq) and period (T) 
of the rocking force. 

The gradient optical force exerted on a particle by a 
periodic and symmetric pattern of fringes has the same 
periodicity, but its magnitude depends on the ratio i?o/A 
hj-hj- In the case of the superposition of two periodic 
patterns of fringes, the total gradient force acting on a 
dielectric sphere can be written as 



F(x;A,Ro) = - 
c 
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c denoting the light speed in vacuum. The coefficients 
A±(A, i? ) and A\\(A/2,R ) determine the optical force 
for each of the superimposed light lattices with polar- 
izations normal (_L) and parallel (||) with respect to the 
incidence plane. These coefficients vary not only in mag- 
nitude but also in sign. We have chosen the definition 
in a way that when the value of A± or A\\ is posi- 
tive (negative), the particle is pulled towards the minima 
(maxima) of the correspondig intensity distribution. We 
have calculated them using a ray tracing model that we 
experimentally validated in a previous work for very sim- 
ilar conditions (Tlj . 

From Eq. ((4]), the optical potential can be expressed 

as 



V(x;A,R Q ) = -V 



sin 



2tt \ K . (Ati 
x + — sin —r-X 



A J 2 \A 

' (5) 

where V a = P\A ± \A/2ttc and K = A\\/\A X \, for \A X \ ± 
0. On the first term on the right hand side of Eq. (|5|), 
we have ignored a prefactor sign(AjJ because it leaves 
invariant the shape of the potential. Importantly, the 
asymmetry of V(x) is determined by the parameters K 
and 6. When K — 0.5 and 6 = 0, Eq. ^ describes the 
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typical ratchet potential [H, 0. If K < or 8 = it, the 
asymmetry of the potential is inverted, and 8 = ±7r/2 
lead to a symmetric potential. While 6 can be varied at 
will in our experiment, the value of K depends on the 
force exerted on the particle by each of the two periodic 
light patterns. When A± ^ and Am ^ 0, the value of 
K can be optimized by controlling the relative intensities 
of the two patterns of fringes via the polarization angle 
ip. Notice, however, that the sign of K depends directly 
on the sign of A\\, which depends in turn on the radius 
of the particle for a given period. Therefore, we have 
found that it is possible to obtain simultaneous opposite 
motion of particles with different sizes within the same 
light pattern in our ratchet system. 

In our experimental system, we were able to obtain 
a directed transport of particles along the light pattern 
of asymmetric fringes by means of the unbiased external 
force Fn{t) = jv(t), as defined in Eq. ((3]). Moreover, we 
were able to control the direction of motion of the par- 
ticles in real time by controlling the phase 8. Figure [5] 
shows experimental results (video [TBI) for the position of 
a sphere as a function of time. In the time interval labeled 
as a, the phase between the two interference patterns is 
6 « 7r/2, giving rise to an approximately symmetric in- 
tensity distribution, shown on the top left corner. In the 
intervals labeled as b and d, the phase was changed to 
(5 = 0, giving rise to a positive current (intensity distribu- 
tions shown in the bottom). Finally, a negative current 
is observed in the time interval c, for which S ~ tt and 
hence the asymmetry of the optical lattice is inverted 
(intensity shown on the top right corner). 

On the other hand, Fig. [3] shows experimental results 
(video [HI ) for the simultaneous motion of two particles 
of radii R = (4.70 ± 0.15) and R Q = (6.00 ± 0.15) 
in an asymmetric light lattice of period A = (13.4 ± 
0.1) \xm. Successive frames of the two particles indicating 
the time evolution are shown in Fig. [3p,. Their positions 
as a function of time are plotted in Fig.[3jD. The two par- 
ticles are simultaneously moving in opposite directions 
due to the inverted asymmetry of their corresponding po- 
tentials. In the first stage of their paths 8 ~ 0, and the 
two particles move towards each other. Then the parti- 
cles meet at the center of the observation region and they 
cannot continue their paths. Finally, we change i5 ~ 7r 
and the particles invert their motion direction, moving 
apart from each other. The insets indicate the calcu- 
lated potential experienced by each of the spheres during 
the initial and final stages of their motion. 

The most important parameter characterizing a 
ratchet system is the particle current, usually defined 
as the mean particle velocity in stationary conditions: 
J = v(t) for t — > oo. In our case, the waiting time tq is 
long enough to allow the particle reaching a stable equi- 
librium position after each activation semi-cycle n . This 
means that the particle starts every new cycle with the 
same initial conditions regarding its relative position in 
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FIG. 2. Experimental results for x vs t for a particle of radius 
Ro = (7.20 ± 0.15) fim in an optical lattice of period A = 
(15.3 ± 0.1) /im. The optical power at the sample is P — 
(1.25 ± 0.05) W . The parameters of rocking force, Eq(3] are: 
v = (18.8 ± 0.5) /im/s, r = (2.00 ± 0.05) s and n = (2.03 ± 
0.05) s. The different time intervals correspond to: a) 5 = 
7r/2; b) 5 = 0; c) 5 = tt and d) 8 = 0. Experimental plots of 
the light intensity distribution for each case are shown on the 
top and on the bottom. 

a potential well, and thus we are in a periodic regime. 
In these circumstances, the current can be expressed as 
J = Ax/ A, which has been normalized with respect to 
A/T. Ax represents the net displacement over an entire 
activation cycle T, and it is always given by an integer 
number of periods. Therefore, J = n — m, where n (m) is 
the number of periods the particle is able to move along 
the direction of lowest (highest) slope in the potential in 
each semi-cycle. The values of n and m depend on n 
and t>o for a given potential. Figure HI shows experimen- 
tal and theoretical results for J, including the value of 
(n — m), as a function of vq for two different values of 
ri. While the structure of discrete jumps exhibited by 
these plots is a well known phenomenon, the current re- 
versals shown in Fig. 4b, which arise when m > n, were 
predicted in this regime more than a decade ago Q and 
not previously observed. The role of ro ^ is key for the 
observation of current reversals, and it may also be key 
for the eventual observation of chaos in a different regime 
when ro — > [§]. 

In summary, we have presented the first experimental 
realization of a deterministic optical rocking ratchet. We 
obtained a current of particles, whose direction can be 
controlled by changing the asymmetry of the potential in 
real time. Our results led us to establish the conditions 
for observing: 1) simultaneous currents in opposite di- 
rections for particles with different sizes in a given light 
pattern and 2) current reversals for a given particle by 
varying the magnitude and period of the rocking force. 
The simplicity and versatility of our system facilitates the 
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FIG. 3. Experimental results for the simultaneous motion of 
particles of radii: (6.00 ±0.15) /im and (4.70 ±0.15) fj,m. The 
period of the light lattice is A = (13.4 ± 0.1) pm. The optical 
power at the sample plane was P = (1.67 ± 0.05) W . The 
parameters of the rocking force are: i>o = (11.3 ± 0.4) /j,m/s, 
t = (1.60 ± 0.05) s and n = (1.03 ± 0.05) s. (a) Successive 
frames of the system; the time evolution is indicated at the 
bottom, (b) x vs t. The different behaviors observed as the 
time evolves correspond to different values of the parameter 
5. The insets show the calculated optical potential for each 
particle in the indicated regions. 

comparison with theoretical models, opening the posibil- 
ity to explore new aspects and solving important ques- 
tions raised about ratchet dynamics, such as the crucial 
effect of current reversals. 
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